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PREFACE

The work presented in this report was performed under Work Unit No. 71840832, “Design and
Evaluation of Work Stations.” It appeared originally as a dissertation in Engineering Anthropometry,
submitted to the Goodwin Watson Institute for Research and Program Development, Union for
Experimenting Colleges and Universities, in partial fulfillment of the requirements for the degree of
Doctor of Philosophy. The original data were gathered in 1970-71 at the Aerospace Medical Research
Laboratory, and were analyzed when the author was admitted to the Goodwin Watson Institute as a
candidate for the advanced degree. The dissertation was completed in October 1976. Minor changes
have been made in the text to be compatible with altered emphasis and appendices.

The original dissertation includes five appendices. Their titles are as follows: (1) “The Original Reach
Data,” (2) “Comparative Tabular Data, Original and Final, 5th Percentile, Men and Women,”

(3) “Technique to Artificially Rotate and Displace Reach Envelopes to Estimate those for Alternate
Back Angles,” (4) “The Reach Evaluator,” and (5) “Anthropometric Data and Descriptions.”
Appendices I, III, and IV have not been included in this report, Appendix I, “The Original Reach Data,”
has been deleted so as to conserve space. Appendix III, “Technique to Artificially Rotate and Displace
Reach Envelopes to Estimate Those for Alternate Back Angles,” has been withdrawn for expansion
into a separate technical report. Appendix IV, “The Reach Evaluator,” has also been withdrawn for
separate treatment. Appendix II, “Comparative Tabular Data, Original and Final, 5th Percentile, Men
and Women,” has been retained and appears here as Appendix I. Appendix V, “Anthropometric Data
and Descriptions,” has been retained and appears here as Appendix III.

Appendix II, “Reach Envelopes, 50/50 Men and Women, Tabular Data,” is new and is presented here to
shed light on changes that occur in reach envelopes that must accommodate to a 50/50 mixture of men
and women.

A number of people participated in one fashion or another during the course of this research project.
Some contributed directly, and their effects can be easily seen. Others participated in fashions not
obvious, but decisive, nevertheless. To them all, I extend my appreciation.

Charles E. Clauser, who took care of a great deal of time-consuming
responsibilities on my behalf and critically read the manuscript.

Judy Rolins, Judy Watts, Twila Woolfolk, Lara Green, and Joy O’Hanlon,
who recorded and transcribed the rather voluminous mass of data by hand
and punched them on data cards.

Edmund and Thomas Churchill and David Nearing, who freely offered
statistical advice and/or worked up the formats for the tabular data.
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INTRODUCTION

Accurate reach capability data are essential to enlightened design and layout of driver and
crewstation compartments. The days when designers had to make-do with traditional anthropometric
measures of arm length have long since passed. Static dimensions, e.g., Functional Reach, Arm-Reach
from Wall, and Arm Reach Extended, or fragmented dimensions, e.g., Shoulder-Elbow Distance and
Elbow-Grip, are unnecessary as sole sources of information to answer such a question as, “Where
should a hand operated control be placed so that a very large percentage of the using population can
reach it?” While these, and other, dimensions of the body may be used very productively in other
aspects of crew station and workplace design, they are not, of themselves, accurate descriptors of
3-dimensional reach capability. Too many designers, through ignorance, still describe arcs of constant
radius from a point designated “shoulder joint” and label their drawing “primary reach zone,” or a
similar descriptor. There are sufficient data available to avoid such primitive layout techniques.
However, there is still a serious lack of comparable reach data on both men and women to guide the
placement of critical hand-operated controls.




REVIEW OF THE LITERATURE

When King, Morrow, and Vollmer (1947) reported maximum fingertip reach capability, there were
few comparable data in the literature. The Anthropometric Unit of the (then) Aero Medical
Laboratory, however, had performed a considerable number of studies on workplace layout, including
placement of controls for aircraft cockpits and gun turrets as early as 1942. Although specific data
were not available regarding man’s reach throughout the range of capability, statistical data on the
dimension “Functional Reach” were available. The reach envelope was estimated from the 5th
percentile value for this dimension and other anthropometric data gathered on the Army Air Corps
and used in the evaluation and layout of work stations. Most of these investigations were documented
in reports for distribution primarily within the Army and did not find their way into the open
literature. Most of their work, however, was summarized in 1946 in Randal et al. Since then, there
have been sporadic efforts in various countries.

King, Morrow, and Vollmer (1947) determined the maximum fingertip reach capability for the right
arm at 15° 45°, 75°, and 105° to the right and left of the midline (0°), from 8 inches below Seat
Reference Point (SRP)* to 52 inches above it. The combined reach envelope was presented in the form
of horizontal sections at 6-inch levels. The sample consisted of 139 male Navy personnel. The subjects
were restrained by a conventional aircraft lap belt and shoulder harness. The investigators calculated
the means, standard errors of the means, and standard deviations for maximum fingertip reaches, and
from them determined a fingertip reach envelope within which 93 percent of their sample could reach
all points on its boundary, and 98 percent could reach any single point on its boundary. It extended
from 2 inches below SRP to 46 inches above. Although right arm reach was measured throughout 210°,
i.e., 105° to the right and left of the median plane, only that segment extending from the median plane
right 75° was considered in the derivation of the reach envelope. The dimensions of this envelope
appear in table 1.

*Seat Reference Point (SRP) is the point of the intersection of the midline of the seat with the midline of the seat
back.

TABLE 1.

THE MAXIMUM DISTANCE AT VARIOUS POINTS IN THE BOUNDARY
AREA FOR OPERATION OF MANUAL CONTROLS *

ANGLE 0° R15° R45° R75°

Level from Seat
Reference Point

(Inches)

46 11.6 13.7 15.0 17.0
40 18.9 20.5 22.4 24.1
34 22.9 24.9 26.6 28.0
28 25.5 27.1 29.1 30.1
22 26.7 28.2 30.3 31.4
16 26.6 28.0 29.7 31.6
10 25.3 27.0 29.3 30.4

4 22.6 24.2 26.4 27.9
-2 17.5 19.7 21.8 22.8

*The maximum distance (inches) at various points in the boundary area for operation of manual controls which can be reached
by 97.93 percent of the population at each position and 92.9 percent of the Naval Medical Research Institute (NMRID series at
every position: N = 139 (From King, Morrow, and Vollmer, 1947).



In a later paper, King (1948) reported essentially these same data, but with additional information on
the characteristics of the fingertip reach envelope when the subjects were permitted to flex their torsos
18 inches forward. King and Swearingen (1948) used the reach data reported by King, Morrow, and
Vollmer to determine the adequacy of placement of controls in the DC-3 and DC-4 aircraft.

Swearingen (1949) described an adjustable cockpit mockup consisting of 15 vertical frames, mounted
at 15° intervals to 105° right and left of the median plane. Each frame supported 15 horizontal
measuring members. Twenty-one vertical measuring rods were located in the ceiling of the mockup.
Altogether, 246 points could be located in space to simulate different sizes and shapes of workspaces.
This device appears to have been used primarily in evaluations of existing or experimental workspaces
rather than for the derivation of basic reach data.

Sandberg and Lipshultz (1952) studied the maximum reach limits on flat vertical surfaces for
application to the layout of radar consoles and communication panels. Fingertip reach capability was
determined in frontal planes at distances of 10, 15, and 20 inches from the operators’ eyes. Although
useful for the purposes intended, such information has anly limited application.

Dempsey (1953) described a workspace measuring device with which the maximum, minimum, and
“optimum” space requirements of Air Force pilots, when seated in the cockpit situation, could be
determined. Intended as a simplification of Swearingen’s device, this equipment consisted of a seat and
an overhead rack mounted within a vertical plane through SRP. Ten horizontal measuring sticks were
mounted at 6-inch intervals on the forward, vertical segment of the rack. Five similar measuring
sticks were mounted vertically on the horizontal overhead segment. Each horizontal measuring stick
was calibrated to indicate the distance from a knob on its near end to the vertical axis through SRP.
The vertical measuring sticks were calibrated to indicate the distance to the horizontal plane through
SRP. The seat was mounted on a platform which could be rotated about the vertical axis through SRP.
Reach data could be taken at any interval as far as 135° to the right or left of the midline.

Using the workspace measuring device, Dempsey and Emanuel, in 1953, determined the 5th and 95th
percentiles for “absolute maximum” reach (equivalent to Dempsey’s maximum), “normal maximum”
(Dempsey’s minimum) and for “optimum” functional reaches. Information was taken only to the right
of the midline throughout 135° at 15° intervals, from 6 inches below SRP through 48 inches above it.
Grasping reach data were obtained for the shirt-sleeved condition and with the subjects wearing
partial pressure suits, first uninflated and, later, inflated. The subjects were securely restrained by a
lap belt and shoulder harness in all conditions. The shirt-sleeved results of this study were published
in 1963, when they were reported in Human Engineering Guide to Equipment Design. The 5th, 50th,
and 95th percentile values are given. Unfortunately, however, the drawings accompanying the data
incorrectly illustrate handgrip reach instead of thumb-and-forefinger reach.

Dempster (1955) and Dempster, Gabel, and Felts (1959) presented a completely different approach to
the description of arm reach capability. Their interest was on specific hand orientations in the “more
forwardly-directed positions” (1955, p. 159). Dempster determined the space “in which the hand could
range up, down, forward, sidewise, etc., in straight, oblique, or curved paths . . . with the palm and grip
angle . . . constantly the same relative to the space of the observer” (ibid., p. 160). Eight orientations of
the hand were studied. These were maintained through the use of a special handgrip device and are
illustrated in figure 1.

Dempster used the term “kinetosphere” to denote the envelope of the maximum movement possible for

a single hand orientation. Each kinetosphere was defined relative to SRP. By combining kinetospheres
for hand orientations in a single plane, patterns of motion called “strophospheres” were derived. A
strophosphere describes the maximum movement of the hand when permitted three degrees of translatory
freedom and one degree of rotatory freedom at the wrist. Dempster developed two such strophospheres

for the hand, one including four angles of forearm pronation-supination in transverse (frontal) planes (the
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Figure 1. Eight Hand Orientations Used by Dempster and by Dempster, Gabel, and Felts in
Their Treatment of Reach Capability.
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The handgrip and reference grid used to maintain the hand orientations during recording
periods are illustrated. (Modified from Dempster, Gabel, and Felts, 1959, p. 294)

vertical group in figure 1), and another for five angles of radial and ulnar flexion of the wrist in
sagittal planes (the horizontal group in figure 1).* The magnitude of translatory motion of the hand
was limited only by the restrictions on arm mobility resulting from the necessity to maintain specific
handgrip orientations. The mean kinetospheres were illustrated as horizontal, transverse and sagittal
sections through their centers of gravity (centroids). Sections through the kinetospheres for each
family of hand orientations were then superimposed. See figures 2 and 3. From these data the authors
were able to construct a workspace floor plan in the form of horizontal contours at 12-inch intervals,
each related to SRP. This is illustrated in figure 4.

These studies of the reach requirements for the seated operator by Dempster and his colleagues were
primarily for the purpose of developing “an indirect approach to a functional anthropometry,” and
secondarily, “to present data which, if intelligently handled, should contribute to the designing of
more effective work places, cockpits and driver compartments” (1959, p. 310). Their sample consisted
of 22 young university men of muscular to median body configuration.

*Vertical (0°) grip angle is common to both planes; therefore it is represented in both strophospheres.
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Figure 2. Superimposed Kinetospheres for Grip Orientations in the Transverse Plane.
(Shaded areas are those common to all kinetospheres. Dots represent the centroids
of the various kinetospheres. [From Dempster, 1955, p. 169, and Dempster, Gabel,
and Felts, 1959, p. 309]))

In the Joint Services Human Engineering Guide to Equipment Design, Ely, Thomson, and Orlansky
(1956) described “a vertical, fore-aft cross section through the optimum manual area, bounded by four
points (each represented as the center of the operator’s fist)” (p. 19). The plane of this cross section
passes vertically through the operator’s right shoulder. These points are described as follows:
“Near Low: operator’s elbows next to body, forearms horizontal.”
“Near High: operator’s elbows next to body, forearms flexed forward about the elbow 15°.”
(This means 15° above horizontal, to 75°. The forearm swings through 105° from full
extension to achieve this orientation.)

“Far High: operator’s arm extended horizontally from shoulder, operator sitting erect.”

“Far Low: operator’s arms extended and lowered until hand is at level of elbow in Near Low
position.”

Sections were determined at seven back angles ranging from 0° (vertical) through 60°. See figure 5.



Figure 3. Superimposed Kinetospheres for Grip Orientations in the Sagittal Plane. (Shaded
areas are those common to all kinetospheres. Dots represent the centroids of the
various kinetospheres. [From Dempster, 1955, p. 168, and Dempster, Gabel, and
Felts, 1959, p. 308))

Information that can be extracted from any single section is limited. These are fore-and-aft vertical
sections through a segment of the arm reach capability, and are not representative of the total. When
the elbow is flexed to form an angle of 90° in the manner described for obtaining the Near Low point,
the forearm can be swung laterally throughout an angle of approximately 80° by rotation of the upper
arm around its long axis. If the elbow is flexed an additional 15° to 105°, to attain the Near High point,
upper arm mobility is not greatly affected, since its position does not change with respect to the
shoulder, where rotation occurs. The upper arm can be swung medially through 10° to 20° with the
elbow flexed to 90° or 105°, without materially altering its position with respect to the side of the body.

When the arm is outstretched to reach the Far High and Far Low points, the upper arm is no longer
rotated about its long axis to move the forearm through the horizontal plane; rather the outstretched
arm is swung horizontally about the shoulder. In such a movement, the upper arm has a much greater
range of angular motion. The mean angle for horizontal abduction (movement away from the median
plane) of the upper arm is 134°, exceeding lateral rotation of the arm around its long axis by
approximately 54°. The mean angle for horizontal adduction (movement toward the median plane) of
the upper arm is 48° (ibid.), exceeding medial rotation of the upper arm by approximately 28°. As the
hand is moved from the Near points to Far points, rotation of the upper arm around its longitudinal
axis becomes less necessary to move the hand through a horizontal arc, and horizontal adduction and

6
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Figure 4. Floor Plan of Workspace Relative to the Standard Seat Shown by 12-inch Contours.
(The grid squares are 6 inches. The 12-inch, 24-inch, 36-inch, etc., levels are above
SRP level. The radius of the circle represents a width to be added and subtracted
from the different curves to include the 5th and 95th percentiles of movement.
[Modified from Dempster, 1955, p. 179))

abduction of the arm gradually become necessary. The increased capability to swing the arm
horizontally through the Far points produces medial and lateral areas that are not represented by the
vertical cross sections in figure 5. Rather, the cross sections are representative of a wedge-shaped
central segment of approximately 100°, equal to the range of motion in rotating the arm around its
long axis when obtaining the Near points.

Ely, Thomson, and Orlansky (1956) presented maximum fingertip reach curves for the seated and
standing positions in the form of scaled charts such as shown in figure 6. Seven back angles between 0°
and 60° were treated. Data were presented as capability curves within different planes. The planes
considered were at 0° (the median plane) and 12.5°, 38.5°, and 66° to the subject’s right.

Some readers may experience difficulty in using the arm reach data as they are presented in figure 6.
Although the data represent planes through SRP, they are illustrated, with exception of the 12.5°
plane, in the form of foreshortened curves. Information that can be obtained from these charts is
limited to the distances from points along the reach curves to the frontal and transverse planes
through SRP. The distances from the median plane, however, can only be determined by triangulation.
Furthermore, the authors gave no body size information concerning the test sample from which they

7f
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Figure 5. Optimum Manual Areas for Seated Positions. (From Ely, Thomson, and Orlansky,
1956, p. 20)

determined their “optimum area” cross sections and “maximum fingertip” reach curves.
Consequently, there is no means by which a designer can judge the appropriateness of the curves for a
given population.

The authors refer to the angular positions of the reach curve planes to coincide with the arm angle.
With the arm outstretched to the 12.5° position, it is approximately parallel to the 0° (median) plane.
(See illustration at the top-right in figure 6.) With the arm in this position, the angle indicated
necessarily refers to the reach curve plane. As the arm is swung laterally, the angular difference
between the reach curve plane and the axis of the arm becomes less until the reach curve plane runs
through the axis of the shoulder. The angle at which this occurs depends upon the relative positions of
the SRP and the center of shoulder rotation. In figure 7 they coincide at about 90°. It is only at such a
point that the angles of the reach plane and arm will be identical.

Pierce and Murch (1959) treated arm reach (and strength) as influenced by wearing a full pressure suit
(Goodrich, Mark IV). Reach information was obtained only on one small subject in the “launch
position” (supine), with the suit uninflated, and during the “orbit position” (seated), with the suit
inflated to 3.5 psi. All reach data were referred to SRP. With his suit inflated, the subject’s arm reach
was considerably restricted particularly in the vertical dimension, in which he could reach only to the
level of the top of his helmet. Unfortunately, data were not obtained for the shirt-sleeve condition.

P. Frankenstein and Sons (1961) described a measuring device and a method of data presentation by
which decrements (or increments) in arm and shoulder mobility may be measured and portrayed. They

8
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Figure 7. Angles at which Maximum Fingertip Reaches were Measured by Ely, Thomson,
and Orlansky, 1956.

designed the device for measuring the mobility of these body parts among patients undergoing
orthopedic therapy, and for measuring reach decrement resulting from wearing pressure garments.
Wright (1963) also described the device, which consists of a semicircular bar carrying a movable
measuring rod. The bar, supported on tripods in front of and behind a chair, is capable of being rotated
over the chair. Linear reach measurements are made by touching the end of the measuring rod to the
tip of the forefinger. The device is illustrated in figure 8.

Both reports presented data as polar graphs. In these graphs, reach to a point in space is defined by
means of the “front angle” (inclination of the semicircular bar), the “side angle” (angular location of
the cursor), and the length of the range rod (calibrated to show length of reach from the center of the
arch). The angular extremes of reach are defined by plotting front angle against side angle. The
distance along these azimuths (recorded relative to front angle) define the limits of reach. The
apparatus, then, is used primarily as a mobility measuring device rather than as one to ascertain the
complete reach envelope. It is, however, sufficiently versatile to be used for the latter purpose as well.

Kennedy (1964) defined the outer boundaries of the minimum, the 5th, 50th, and 95th percentile
grasping-reach envelopes for seated subjects selected to represent the United States Air Force flying
population. Twenty adult male subjects were measured using the Aerospace Medical Research
Laboratory’s grasping-reach measuring device, which incorporated a chair with a back set at 13° aft of
vertical and the seat at 6° above horizontal. A diagram of the major features of this device is shown in
figures 9 and 10. Reach capability was reported in the form of horizontal contours at 5-inch intervals
above and below the SRP level. Within each contour, data were reported at 15° intervals as radii from
a vertical through SRP. Examples of the tabular data for the SRP and 30-inch levels are presented as
figures 11 and 12. Segments of the data reported by Kennedy (ibid.) and comparable portions of the
data from the current study are compared in the Discussion section.

Kennedy (ibid.) reported reach data only for the outside boundaries of percentile reach capability.* As
indicated in that report, there is an inner boundary to each envelope that represents the farthest
inward that the individual can be expected to reach. This inner boundary is usually along the surface
of the body or the body support system, but frequently, such as to the right rear of the subject, just
behind the shoulder, the inner boundary is determined by limits to the mobility of joints of the upper
limb. These limits of reach are only hinted at in the 1964 Kennedy report.

*These data also appeared in McCormick (1970), Van Cott and Kinkade (1972), and McConville et al. (1976).

10



Semi-circular bar ///.__!- ——
(protractor head) .~
4

o

Side angle
calibration marking

\ Front angle
indicator dial

Bearing support

Figure 8. The Frankenstein Anthropometric Measuring Apparatus. (From Wright, 1963, p. 35)

In addition to reach data per se, Kennedy also presented a correlation matrix for anthropometric
dimensions and different measures of reach capability. No attempt was made to develop regression
equations or to predict the reach capability for other populations. The values for mean reach capability
and standard deviations were tabulated for vectors within the angular boundaries of the minimum
reach capability envelope.

Chaffee’s 1969 report described a method by which reach capability might be measured and presented
for application to driving compartment layout. He was concerned with one-handed maximum
grasping-reach with the left hand throughout frontal (Y-Z) and left parasagittal (X-Z) planes. The
boundary of a driver’s reach envelope was called an ergosphere, a more restrictive use than that of
Dempster (1955). Ten male and 10 female subjects were used. No anthropometric dimensions are
provided. Measurements were taken in a simplified automobile driving compartment without a
steering wheel and restraint belts. (Although, as the author states, the belt buckle is used as an
important landmark for the location of measuring planes.) Reaches were made to 5 frontal and 5
parasagittal panels to the subjects’ front and left. In both arrangements, the panels were equally
spaced between the subject’s maximum reach forward and to his left, and his belt buckle for the frontal
planes, and the left side of the seat for the parasagittal planes. Reaches were made to points on radials
generally at 22.5° intervals on each plane. There were 15 such radials on each of the frontal planes and
16 on each of the parasagittal planes. These are found in figures 13 and 14.
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Figure 10. Plan of the Seat for AMRL Grasping-Reach Measuring Device. (Underlined

measurements are those that are in accordance with US Air Force design
requirements. [From Kennedy, 1964))
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Linear Data for Gresping Reach (in inches)

Fercentiles

N Min 5th 50th 95th Seat Reference Point Contours

45°

Lot e =
W
(@)
(<}

152

19 17.50 | 2075 255080
/5% 20 16.25 19.50|21.75 26.00
60° 20 17.50 20.50| 22.25 26.25

=ojii=vli=v] 1=}
W
(@]
[e]

R 75° 20 17.25 20.00! 22,25 26.00
R '90° 20 17.00 19.50( 22.25 25.50
R105® 20 16.25 18,75] 22,00 25.25
R120° 20 15.00 18,25 | 20.75 24.50

R135° 20 13.00 16,50} 19.00 23.50

LR150° 19 14000 | 16,50 20425
R165° 13 13.00 17.00
180

Figure 11. Data Describing the Outer Boundaries of Minimum, 5th, 50th, and 95th Percentile
Grasping Reach Envelopes at SRP Level. [From Kennedy, 1964]
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